Introduction
============

Radiation therapy (RT) plays an essential role in the multimodal approach toward cancer therapy.[@b1-ijn-11-6435] Improving efficacy of radiotherapy either by technical developments (3D-conformal radio therapy or intensity modulated radio therapy)[@b2-ijn-11-6435],[@b3-ijn-11-6435] or by concurrent usage of chemotherapy (cisplatin, paclitaxel \[PTX\], etc)[@b4-ijn-11-6435],[@b5-ijn-11-6435] or targeted agents (eg, cetuximab) has been proven in various studies,[@b6-ijn-11-6435] but the utility of multimodal approach to cancer therapy is limited by two fundamental facts: 1) certain proportion of cancer cells are radioresistant, leading to tumor recurrence/relapse which finally affects clinical outcome and 2) toxicity of conventional chemotherapeutic and biological agents when used in conjunction with RT. Attempts to improve outcomes of RT have largely focused on 1) radiation dose escalation,[@b2-ijn-11-6435],[@b7-ijn-11-6435] 2) using altered fraction RT schedules,[@b7-ijn-11-6435]--[@b9-ijn-11-6435] 3) sensitizing the radioresistant fraction of tumor cells to conventional doses of radiation by using conventional chemotherapeutic drugs,[@b10-ijn-11-6435] and 4) biologically targeting cancer cells specifically with concurrent RT.[@b6-ijn-11-6435],[@b11-ijn-11-6435] A highly researched strategy of cancer therapy is the use of radiosensitizers in conjunction with radiotherapy, which are therapeutic moieties that can be used prior to, during, or after radiation to augment its effect.[@b12-ijn-11-6435] Chemotherapeutic agents, such as PTX,[@b13-ijn-11-6435] have been used to arrest tumor cells in the radiation-sensitive G2 phase of their cell cycle, thereby enhancing the apoptotic effect of subsequent radiation.[@b14-ijn-11-6435] However, the use of systemic PTX is associated with major toxicities[@b15-ijn-11-6435] and low drug residence at the tumor site. In such a scenario, the strategy of utilizing nanotechnology in the field of oncology presents huge opportunities to overcome these limitations and improve the therapeutic ratio for effective regional delivery of radiosensitizers.[@b16-ijn-11-6435] A number of nano-sized carriers[@b17-ijn-11-6435]--[@b19-ijn-11-6435] and synthetic poly(ethylene glycol) (PEG)-based gels have been studied as drug carriers[@b20-ijn-11-6435]--[@b24-ijn-11-6435] but have inherent limitations.

This study developed a novel injectable liposome-in-gel-paclitaxel (LG-PTX) system in which the liposomal carrier for PTX allows sustained drug release at the target site, while the use of gellan as an injectable hydrogel[@b25-ijn-11-6435],[@b26-ijn-11-6435] to incorporate the drug-loaded liposomes provides a means to increase residence time of the drug at the tumor site. It also evaluated the in vitro and in vivo radiosensitizing efficacy, pharmacokinetics, and bio-distribution of the injectable liposome-in-gel system loaded with PTX in a radioresistant malignant melanoma cell line (B16F10 murine melanoma).[@b12-ijn-11-6435],[@b27-ijn-11-6435] This system has potential use as a platform technology for localized drug delivery in cancers currently being treated with radiotherapy, such as cervical, oral, anal canal, and so on, and can provide a minimally invasive route for prolonged and tumor-specific drug delivery at the tumor site.

Materials and methods
=====================

Materials, cells, and animals
-----------------------------

A Milli-Q water system (Millipore, Bedford, MA, USA), supplied with distilled water, provided high purity water (18.2 MΩ⋅cm) for the experiments. Methanol and chloroform (high-performance liquid chromatography \[HPLC\] grade) with 99.9% purity were obtained from Spectrochem (Mumbai, India). Sodium chloride crystals (NaCl, GR grade) with 99.5% purity were obtained from SRL (Mumbai, India). Soya lecithin (soya phosphatidylcholine, \[SPC\]) was purchased from Himedia (Mumbai, India). Gellan gum (deacetylated, food grade Kelcogel) was obtained from CP Kelco (Atlanta, GA, USA). Rhodamine 6G dye was obtained from Sigma Aldrich (St Louis, MO, USA).

B16F10 murine melanoma cells obtained from the National Centre for Cell Science (NCCS, Pune, India). Cells were cultured and maintained in complete Dulbecco's Modified Eagle's Medium (DMEM; Himedia) supplemented with 10% fetal bovine serum (FBS; Himedia), 0.2% Penicillin-Streptomycin (Pen-strep) or antibiotic, antimycotic solution (Himedia) and cultured at 37°C in 5% CO~2~ to obtain an adherent monolayer (\~80%--90% confluency) over 72 h in T25 flasks. Cells were detached using Trypsin-EDTA solution (Himedia).

Female C57BL/6 mice of 4--6 weeks weighing 19--23 g were housed at ACTREC (Tata Memorial Hospital, Navi Mumbai, India), and all experiments were carried out in accordance with the standard Guidelines for the Care and Use of Laboratory Animals (Committee for the Purpose of Control and Supervision of Experiments on Animals (CPC-SEA), Government of India). Ethical approval was obtained from the ACTREC Institutional Animal Ethics Committee (IAEC) (project no 22/2011). All efforts were made to minimize animal suffering, and the animals were allowed access to food and water ad libitum.

Preparation of liposome-in-gel system (LG-PTX)
----------------------------------------------

The LG-PTX formulation was composed of PTX-loaded SPC liposomes incorporated into 0.1% (w/v) gellan hydrogel. Liposomes were prepared by thin-film hydration, where SPC lipid was dissolved in 2:1 chloroform:methanol mixture and vacuum evaporated to form a homogeneous film, which was hydrated with 0.9% w/v saline. The liposomes were sonicated for 10 min to reduce size. Rhodamine-6G dye was added to the saline, and PTX was dissolved along with lipids during thin film formation (1:2 \[w/w\] drug:lipid). Gellan hydrogel (0.1% w/v) was prepared by adding gellan powder to saline at 60°C--70°C and stirring to form a clear solution. For the liposome-in-gel, gellan solution was cooled to \~40°C and the liposome suspension (with or without loaded dye or PTX) was stirred into it and cooled.

Characterization
----------------

Size and modal size distribution of liposomes were determined by dynamic light scattering (DLS, BI200SM; Brookhaven, NY, USA), and surface charge was measured from zeta potential with Phase Analysis Light Scattering (ZetaPALS; Brookhaven), respectively. For DLS and ZETA measurements, liposomal suspensions were prepared with a lipid concentration of 2 mg/mL. Modal size distribution of the particles was obtained with NNLS analysis (Brookhaven), while average surface charge was calculated from ten ZETA cycles.

PTX release was carried out in a sink with phosphate-buffered saline (PBS)-trypsin (1% v/v) and methanol (3:1 v/v), and amount of PTX was estimated using HPLC (Jasco, Tokyo, Japan, characteristic peak at 228 nm). Imaging was done using cryo-Field Emission Gun-Transmission electron microscopy (cryo-FEG-TEM; JEM-2100F, JEOL, Peabody, MA, USA) by negative staining of liposomes with phosphotungstic acid. Liposome-in-gel samples were flash frozen in liquid nitrogen and lyophilized overnight for scanning electron microscopy (SEM; S-3400N, Hitachi, Tokyo, Japan) of internal morphology. Viscosity of the hydrogel was studied using a viscometer (Physica MCR 301; Anton Paar, Graz, Austria). Degradation studies were carried out by incubation of LG-PTX in PBS-trypsin sink at 37°C and measuring weight of remaining gel.

Cellular internalization and cytotoxicity
-----------------------------------------

Uptake in B16F10 cells was evaluated from incubation with rhodamine-6G dye-loaded liposomes and imaging with confocal laser scanning microscopy (CLSM; Olympus Fluoview FV500, Olympus, Tokyo, Japan). Cells were grown on glass coverslips and incubated with the formulation and free dye for 3 h, after which the excess dye was washed away with PBS; then, the cells were fixed on the glass slides with 10% formalin, and imaged with CLSM. Average fluorescence intensities were calculated using ImageJ software. Cytotoxicity assay was done with liposome-PTX and LG-PTX on B16F10 cells for 72 h. Cell viability was measured (using sulphorhodamine-B assay) at increasing drug concentrations (10--10,000 nM), and IC~50~ was calculated using MS Excel and GraphPad.

Cellular cytotoxicity with radiation
------------------------------------

Cells were grouped into Control, Radiation alone, LG-PTX alone, and LG-PTX + Radiation groups. Control cells were fixed at 80% confluency in 70% ethanol. For cells with radiation, fractionated radiation was given in steps of 3 Gy daily for 5 days (3--15 Gy) using cobalt-60 gamma rays (Bhabatron-II machine™) at a distance of 80 cm and 71 cGy/min dose rate. For cells with LG-PTX alone, LG-PTX (10 µM/day for 5 days) was added without radiation. For the LG-PTX + Radiation group, cells were pretreated with LG-PTX (10 µM) 2 hours prior to radiation (3 Gy daily for 5 days). Cells were fixed in 70% ethanol, re-suspended in PBS along with RNaseA (10 µg/mL), and stained with propidium iodide (PI, 50 µg/mL) for cell cycle analysis using fluorescence-activated cell sorting (FACS; FACSCalibur™, BD Biosciences, Franklin Lakes, NJ, USA). FACS results were analyzed using ModFit LT 4.0 to determine percentage apoptosis of cells. The synergy between the effects of radiation and LG-PTX was evaluated by Chou analysis using CompuSyn software (Chou and Martin;[@b28-ijn-11-6435],[@b29-ijn-11-6435]).

In vivo biodistribution and efficacy
------------------------------------

Upper thigh of mice was shaved before subcutaneous injection of tumor cells (2×10^6^ cells), and tumors were grown to \~100 mm^3^. LG-PTX was subcutaneously injected using a 0.24 gauge needle into the peri-tumoral region around the subcutaneous murine melanoma tumor developed in the flank of the mice. For drug biodistribution, blood was collected at 0.5 h and at sacrifice (2 h). Tumor, skin over the tumor, liver, kidney, and small intestine were analyzed for PTX using HPLC.

### Processing of blood and tissue

Blood sample was collected in K2-EDTA containing vacutainers just before sacrifice by retro-orbital puncture. The samples were centrifuged at 4,000 rpm for 20 min and plasma thus separated was stored at −20°C for pending analysis. Tumor and skin over the tumor, liver, kidney, and intestine were dissected out and rinsed with PBS and dried on blotting paper. These tissues were then homogenized with 1:4 w/v of PBS. Tissue homogenates were stored at −80°C for pending analysis.

### Sample preparation for HPLC analysis

An amount of 1,000 µL of ice cold acetonitrile was added to 100 µL of plasma or tissue homogenate and vortexed for 5 min followed by centrifugation at 12,000 rpm at 10°C for 10 min. Next, 900 µL of the supernatant was transferred into new labeled storage vials and dried under nitrogen gas at 42°C for 30 min. The sample was then reconstituted with 100 µL of reconstitution solution (acetonitrile:water 80:20 v/v) and 30 µL was injected into the Dionex UHPLC Ultimate 3000 system fitted with a Kinetex 5 µ XB C18, 100A, 4.6 mm (Phenomenex) column maintained at 40°C. The mobile phase was comprised of acetonitrile and triethylamine (53:47) at an isocratic flow rate of 1 mL/min. The retention time of PTX was found to be 11.4±0.5 min. Chromatograms were acquired using the Ultimate 3000RS Diode array detector TM set at 229 nm. Percentage recovery of PTX was \~80% and found to be similar in plasma and tissues.

For radiosensitization efficacy, when tumor size reached 100 mm^3^, mice were randomized into three groups (animals per group: untreated control \[n=12\], radiation only \[n=8\], and LG-PTX with radiation \[n=8\]). In the LG-PTX with radiation group, LG-PTX was injected peri-tumorally 2 h before the application of radiation. Fractionated doses of focal radiation (5×3 Gy) were delivered (under anesthesia) to the tumor every 72 h by a Cobalt-60 Gamma rays at a source to skin distance (SSD) of 80 cm and a dose rate of 71 cGy/min. Tumor size was recorded every third day and mice were sacrificed 4 days after the fifth dose (day 19). Control mice were observed up to 19 days, and mortality was documented. Survival was compared between the groups by using Kaplan--Meier method, and *P*-values were computed by log rank test. The animals that were alive at the end of observation period in either of the groups were censored. Tumor volumes were calculated before each dose and at sacrifice or death of the animal, and the fold increase in the tumor volume was calculated for each animal compared to its volume before start of the experiment.

Tumor growth inhibition (TGI) was calculated as: (1− RTV~T~/RTV~C~)\*100, where RTV is the relative tumor volume (calculated for each animal as the ratio of tumor volume after the fifth dose \[TV~5~\] and initial tumor volume \[TV~0~\], ie, TV~5~/TV~0~), RTV~T~ is the average RTV for the treatment group, and RTV~C~ is the average RTV for the control group.

Cells from the tumors were also separated by incubation with trypsin and then centrifuged to separate tumor cells from the tissue. These cells were then fixed in 70% ethanol and stained with PI, and cell cycle analysis was done using FACS.

Statistical analysis
--------------------

All studies were done in triplicate, and data were presented as mean ± standard deviation (SD). Statistical significance was calculated using GraphPad software and Student's *t*-test was used, where *P*\<0.05 was considered significant.

Results and discussion
======================

The rationale for radiosensitization with concurrent use of chemotherapy agents is governed by three clinical factors.[@b10-ijn-11-6435] First, concomitant chemoradiotherapy can be used with the intent of organ-preservation, resulting in improved cosmesis and organ function. Second, chemotherapy can act as a radiosensitizer, improving the probability of locoregional control (in-field cooperation) and, in some cases, survival, by aiding the destruction of radioresistant clones. Third, chemotherapy given as part of concurrent chemoradiation may act systemically and potentially eradicate distant micro metastases by virtue of spatial cooperation. Conventionally, chemotherapeutic drugs used as radiosensitizers are given systemically (either orally or by intravenous injections).[@b12-ijn-11-6435] Systemic administration of chemotherapeutic moieties is associated with numerous toxic side effects and does not facilitate an increase in local drug concentrations or any appreciable retention of the drug at the tumor site, thus necessitating multiple dosage regimens. This problem can be addressed by using regional drug delivery systems that can be applied and retained at the tumor site and can potentially improve cancer treatment outcomes by using adjuvant or postoperative therapies. PTX has been known to be a radiosensitizer for a number of cancers,[@b13-ijn-11-6435] since it stabilizes cellular microtubules and can arrest tumor cells in the radio-responsive G2/M phase of their cell cycle to enhance their response to radiation. However, the commercially available form of the drug has severe side effects and dose-limiting toxicities due to the Cremophor excipient used.[@b15-ijn-11-6435] Liposomal formulations of PTX (without concomitant radiation) have previously been studied for intravenous use.[@b30-ijn-11-6435]--[@b32-ijn-11-6435]

Characterization of LG-PTX
--------------------------

The developed LG-PTX formulation was composed of PTX-loaded SPC liposomes incorporated into an injectable gellan hydrogel. The SPC liposomes were found to have sizes of 124±7 nm with a unimodal distribution from DLS measurements ([Figure 1A](#f1-ijn-11-6435){ref-type="fig"}), polydispersity of 0.22±0.01, and an average negative surface charge of −16.8±1.7 mV, showing good fit of the experimental phase change data ([Figure 1B](#f1-ijn-11-6435){ref-type="fig"}). SEM imaging of the internal morphology of LG-PTX showed the porous gel structure of the gellan hydrogel (0.1% w/v) ([Figure 1C](#f1-ijn-11-6435){ref-type="fig"}) with pore sizes of \~40--50 µm, interconnected gellan strands, and the presence of spherical SPC liposomes inside the gel matrix ([Figure 1D](#f1-ijn-11-6435){ref-type="fig"}). High magnification cryo-FEG-TEM of the PTX-loaded SPC liposomes showed spherical liposomes of sizes \~200 nm ([Figure 1E](#f1-ijn-11-6435){ref-type="fig"}) with aqueous cores.

The gellan hydrogel has to have sufficiently low viscosity to allow easy peri-tumoral injection through small gauge needles. Viscosity of LG-PTX ([Figure 1F](#f1-ijn-11-6435){ref-type="fig"}) was 3.2±0.5 Pa⋅s (at 0.129 s^−1^ shear rate) and showed sharp decrease with increasing shear rate, indicating a shear thinning property and that LG-PTX will flow when subjected to shear forces during injection.

PTX is used as a model hydrophobic drug and showed high encapsulation efficiency of 91.2%±0.7% in SPC liposomes, and appreciable drug release at 37°C in PBS-trypsin/methanol (3:1) medium, with a cumulative release of 72.0%±11.6% over a time span of 72 h ([Figure 1G](#f1-ijn-11-6435){ref-type="fig"}). Since PTX has very low solubility in water, methanol was added to the sink medium in order to aid in its solubilization. The in vitro degradation of LG-PTX shows 63.9%±5.1% loss of weight in 72 h of incubation ([Figure 1H](#f1-ijn-11-6435){ref-type="fig"}), and images show dispersion and degradation of the formulation over this time ([Figure 1I](#f1-ijn-11-6435){ref-type="fig"}).

SPC is a naturally derived, biocompatible, Generally Recognized As Safe (GRAS) entity[@b33-ijn-11-6435] composed of a mixture of phosphoglycerides, a majority of which have unsaturated lipid chains. SPC is known to have a fluidizing effect on lipid packing (such as in cellular membranes) and thus enables better uptake into cells. The use of liposomes as a carrier for the radiosensitizing drugs provides a distinct advantage as a platform for efficient entrapment of other hydrophobic radio-modifiers, such as docetaxel,[@b34-ijn-11-6435] other taxanes, camptothecin,[@b35-ijn-11-6435] prostaglandins, and so on, or a combination of these drugs, can be encapsulated in the lipid bilayers with a high degree of efficiency, as well as have sustained release over time. The injectable bio-polymeric gellan hydrogel (0.1% w/v) used here undergoes gelling via cross-linking with cations as well as by cooling to temperatures \~37°C, and it is biodegradable and known to be biocompatible.[@b36-ijn-11-6435] LG-PTX has large pore sizes that can allow the encapsulated spherical liposomes to diffuse out and be taken up by tumor cells. The use of a hydrogel in the peri-tumoral injection of the LG-PTX formulation provides a biodegradable, porous matrix that can localize the drug-loaded liposomes in the vicinity of the tumor. The gellan hydrogel itself can be used to carry hydrophilic radiosensitizing drugs such as gemcitabine,[@b37-ijn-11-6435] 5-flurouracil (5-FU), cisplatin, carboplatin, doxorubicin,[@b35-ijn-11-6435] and so on, and can potentially function as a dual drug delivery system.

Cellular internalization and cytotoxicity
-----------------------------------------

As proof of the radiosensitizing property of LG-PTX, the murine melanoma cell line (B16F10)[@b38-ijn-11-6435] was used, which is known to be resistant to low, fractionated doses of radiation.[@b12-ijn-11-6435] B16F10 cells incubated with rhodamine-6G-loaded liposomes showed bright fluorescence, indicating a high degree of internalization ([Figure 2C](#f2-ijn-11-6435){ref-type="fig"}), and cells with internalized liposomes had significantly higher average fluorescence intensities compared to control cells ([Figure 2A](#f2-ijn-11-6435){ref-type="fig"}) and cells incubated with free dye ([Figure 2B](#f2-ijn-11-6435){ref-type="fig"}), as shown in [Figure 2D](#f2-ijn-11-6435){ref-type="fig"} (\**P*\<0.05 compared to control, \*\**P*\<0.05 compared to free dye). This showed that the use of liposomes greatly increases cellular internalization of a dye that otherwise has very low uptake and may similarly increase uptake of encapsulated therapeutic moieties. Cytotoxicity on B16F10 cells ([Figure 2E](#f2-ijn-11-6435){ref-type="fig"}) showed that the IC~50~ for the liposome-PTX was 541±106 nM and for LG-PTX was 325±117 nM, with no significant difference between IC~50~ for the liposomes and LG-PTX, showing appreciable cytotoxic activity.

Cellular cytotoxicity with radiation
------------------------------------

The radiosensitizing property of LG-PTX on B16F10 cells with five concurrent doses of 3 Gy radiation every 24 h was compared to five doses of radiation alone and LG-PTX alone. [Figure 3A](#f3-ijn-11-6435){ref-type="fig"} shows the percentage apoptosis measured normalized to control cells (1.9%±0.9% apoptosis, [Figure 3B](#f3-ijn-11-6435){ref-type="fig"}), and the addition of LG-PTX significantly increases the apoptosis in the cells over the course of five doses of radiation. The LG-PTX-treated group shows significantly higher percentage of apoptotic cells (75%) from the fourth dose onwards, compared to both the radiation alone (39%) and the LG-PTX formulation alone (43%) treated cells. The results are statistically significant (*P*\<0.05) using two-way analysis of variance.

There is no significant difference in the percent of apoptotic cells obtained with radiation alone at 6 Gy and 9 Gy. However, the increased apoptosis observed with LG-PTX alone at the third dose (9 Gy) is due to the cumulative effect of PTX release from the LG-PTX during the use of multiple doses. This trend is continued in the fourth dose (12 Gy) due to the same steady release of PTX from LG-PTX. B16F10 melanoma cell line is also known to be highly radiation-resistant, and this may account for apoptosis due to radiation alone being lower than that with LG-PTX alone. Maximal cellular apoptosis is obtained only with the tandem use of LG-PTX and fractionated radiation.

A qualitative comparison of graphs for the three groups ([Figure 3C](#f3-ijn-11-6435){ref-type="fig"}) clearly shows that there is an increase in the percentage of apoptosis (blue peak) with increase in doses of both radiation and LG-PTX and a concurrent decrease in the percentage of cells in G1 phase (red peaks), with a marked effect observed with lower dose in the cells treated with LG-PTX and radiation compared to control, radiation only, and LG-PTX only groups. The radiosensitizing property of PTX involves arresting cells in the more radio-responsive G2 phase. This phase is also the most radiosensitive phase of tumor cells, since ionizing radiation is more likely to cause double-stranded DNA breaks. Thus, pre-treatment of the cells with PTX enables a higher percentage of cells to be arrested in the G2/M phase, and subsequent application of radiation increases apoptosis in the cells. PTX thus functions as a radiosensitizer to amplify the apoptotic effect of a dose of radiation.

In the first three doses of LG-PTX and radiation, the percentage of cells in G2 phase is much higher in the LG-PTX + radiation group (33%) compared to radiation only (14%) and LG-PTX only (19%) groups ([Figure 3D and E](#f3-ijn-11-6435){ref-type="fig"}). This shows that the use of LG-PTX increases the number of cells in the G2 phase, and this makes them more susceptible to the subsequent effect of ionizing radiation. From the fourth dose onward, the total number of cells is diminished in all the treatment groups and is composed mostly of radio-resistant cells in the S and early G1 phases ([Figure 3D](#f3-ijn-11-6435){ref-type="fig"}).

In order to determine whether using multiple fractions of radiation instead of one single high dose of radiation had any effect, cells were treated with one single dose of 9 Gy radiation, with and without LG-PTX and compared to cells treated with three fractionated doses of 3 Gy radiation ([Figure 4A](#f4-ijn-11-6435){ref-type="fig"}). The use of fractionated doses with LG-PTX seems to have a very significant (*P*\<0.05) increase in percentage of apoptosis of the cells (57%), compared to both a single 9 Gy radiation dose with LG-PTX (9%) and three fractionated doses of 3 Gy radiation alone (7%), proving the utility of using multiple doses of radiation in tandem with the LG-PTX formulation for therapy. The use of three fractionated doses of 3 Gy radiation along with LG-PTX also serves to increase the percentage of cells arrested in the G2 phase (33%) ([Figure 4B and C](#f4-ijn-11-6435){ref-type="fig"}), compared to both a single dose of 9 Gy radiation along with LG-PTX (10%), as well as three doses of 3 Gy radiation alone (13%), and this helps to enhance the cytotoxic effect of radiation on the cells.

The synergy between the effects of radiation and LG-PTX was evaluated by Chou analysis using CompuSyn software (Chou and Martin[@b28-ijn-11-6435]). The dose--response curves of the radiation only and the combination (LG-PTX and radiation) were plotted ([Figure S1](#SD1-ijn-11-6435){ref-type="supplementary-material"}), and the combination index (CI) was calculated using a drug:radiation constant combination ratio of 1:1.[@b29-ijn-11-6435] The CI value at ED~50~ (effective dose for 50% effect) was found to be 0.365, and since CI \<1 indicates synergy, this shows the synergistic effect of using a combination of radiation and chemotherapy.

This in vitro cytotoxicity assessment with concurrent radiation allows us to optimize drug and radiation dosage required for in vivo experiments. Further optimization of radiation dose is needed using a clonogenic assay to determine dose enhancement factor and explore other aspects of cell death.[@b39-ijn-11-6435],[@b40-ijn-11-6435] Smaller doses of radiation are always preferred for in vivo and clinical applications in view of the underlying radiobiological principles (faster recovery of normal cells and tissues, redistribution of tumor cells in the G2/M phase, and reduction in the proportion of hypoxic fraction of tumor cells) and to maximize survival, but such doses either do not produce an appreciable therapeutic effect or increase the frequency and total duration of the radiotherapy regimen, thereby hampering patient compliance. The justification, and considerable advantage, of using fractionated doses of radiation was observed, implying that the use of LG-PTX greatly enhances the therapeutic effect of even low doses of radiation.

In vivo PTX biodistribution
---------------------------

Amount of PTX in the tumor 2 h after subcutaneous injection of LG-PTX was calculated to be 343±283 µg/g of tissue, which is high enough to serve as a radiosensitizer.[@b41-ijn-11-6435] PTX was not detected in plasma and other organs of the animal, showing that the formulation effectively localizes the drug at the tumor site only ([Figure 5](#f5-ijn-11-6435){ref-type="fig"}). Previous studies with intravenous injection of Taxol in a subcutaneous murine melanoma model have shown significant PTX distribution in the plasma and other organs (such as liver and lung) at 2 h,[@b17-ijn-11-6435],[@b42-ijn-11-6435] while that from LG-PTX showed drug levels only in the tumor. Other references have shown that only a fraction of the intravenous Taxol dose (\<5%, \~10 µg/g) is accumulated in subcutaneous tumors,[@b43-ijn-11-6435],[@b44-ijn-11-6435] while a substantial fraction of drug is accumulated in the tumor when LG-PTX is used (33%, \~343 µg/g). This is a highly advantageous aspect of the liposome-in-gel system, facilitating site-specific drug accumulation, in order to minimize the adverse effects of subsequent radiation on normal tissues.

In vivo efficacy
----------------

The fold increases in tumor volumes over five doses of LG-PTX and radiation ([Figure 6A](#f6-ijn-11-6435){ref-type="fig"}) show that compared to the control animals, both radiation and radiation with LG-PTX groups have significantly lower fold increase in tumor volumes. LG-PTX with radiation group has 6.4 times lower increase in tumor volume compared to control and 1.6 times lower compared to radiation alone ([Figure S2A](#SD2-ijn-11-6435){ref-type="supplementary-material"}).

Furthermore, the extent of TGI was calculated for the groups, and calculations showed that radiation alone causes 75.5%±4.1% tumor inhibition, while the formulation and radiation treated group causes a significantly higher inhibition of 84.3%±4.2% (*P*\<0.05; [Figure S2B](#SD2-ijn-11-6435){ref-type="supplementary-material"}). The survival of the animals ([Figure 6B](#f6-ijn-11-6435){ref-type="fig"}) showed that the survival proportions of the control, radiation, and LG-PTX + radiation groups are 0.5, 0.75, and 1.0, respectively, indicating improved survival of the animals with the use of the LG-PTX formulation. The animal in the radiation only arm died of disease progression and metastasis to distant organs. The dose of PTX used in this study (40 mg/kg) did not cause any adverse toxicity or affect survival of the animals, showing that the LG-PTX formulation is well tolerated in in vivo conditions. From these parameters, it can be inferred that the treatment with the LG-PTX liposome-in-gel formulation causes a significant reduction in tumor volume and an increase in tumor inhibition and greatly improves the survival of the animals.

Cells obtained from the tumors after sacrifice were analyzed with FACS cell cycle analysis, and the percentage of apoptosis observed in the cells from each tumor group ([Figure 6C](#f6-ijn-11-6435){ref-type="fig"}) showed a significantly higher percentage of apoptosis in tumors treated with LG-PTX and radiation, compared to the control and radiation only groups (\**P*\<0.05 compared to control, \*\**P*\<0.05 compared to radiation only). FACS plots ([Figure 6D](#f6-ijn-11-6435){ref-type="fig"}) also show a larger peak for apoptotic cells (blue) and smaller peak for cells in the G1 phase (red), compared to cells from both the control and radiation only groups. This is in agreement with the tumor size data, showing that the use of the LG-PTX formulation in conjunction with radiation has an enhanced effect in tumor inhibition. These results indicate that the LG-PTX + radiation treatment strategy shows a marked improvement in causing apoptosis in the tumor, compared to radiation alone, and confirms the radio-sensitizing effect of the LG-PTX formulation.

Radiation is used as the primary therapeutic measure in a number of cancers, such as glioblastoma, cervical, endometrial, head and neck cancers, and so on,[@b4-ijn-11-6435],[@b45-ijn-11-6435],[@b46-ijn-11-6435] which may benefit greatly from localized administration and retention of radiosensitizers at the tumor site. A number of strategies for localized administration of drugs have been developed such as wafers, hydrogels, films,[@b47-ijn-11-6435] and microspheres,[@b32-ijn-11-6435] using both natural (eg, gelatin and chitosan[@b31-ijn-11-6435],[@b48-ijn-11-6435]) and synthetic polymers (eg, poloxamer and triblock PEG-poly lactic acid-co-glycolic acid PEG-PLGA[@b20-ijn-11-6435],[@b21-ijn-11-6435]) to form injectable drug depots localized at the tumor site, but only Oncogel[@b20-ijn-11-6435] and Paclimer[@b32-ijn-11-6435] have so far been evaluated in conjunction with radiation. Paclimer (polyphosphoester with PTX) microspheres have shown therapeutic effects in subcutaneous lung cancer xenograft, prostate cancer,[@b47-ijn-11-6435] and ovarian cancer via intraperitoneal injection, but were found to cause inflammation and were not evaluated further.[@b32-ijn-11-6435] Phase 1 studies with Oncogel, a PTX-loaded thermo-sensitive PLGA-PEG-PLGA triblock polymeric gel, in esophageal cancer therapy[@b21-ijn-11-6435] has shown favorable outcome, but the versatility of the use of Oncogel is limited by the delicate balance of hydrophilic--hydrophobic groups in the polymer and the attendant stringent methods required for synthesis and drug loading of the formulation. Furthermore, Oncogel acts as a Newtonian fluid and thus requires much higher pressures and longer durations for injection through small bore needles. In comparison, the LG-PTX formulation has a two-step synthesis process and gellan, being a non-Newtonian fluid, shows a reduction in complex viscosity on application of shear forces ([Figure 1F](#f1-ijn-11-6435){ref-type="fig"}), implying that much lower force is needed for clinical injection. The Oncogel formulation can encapsulate only one drug (PTX), but the LG-PTX formulation allows for dual drug loading in the liposomes and the hydrogel matrix.

The novelty of the liposome-in-gel system stems from the use of a bio-polymeric, injectable hydrogel to incorporate drug-loaded liposomes and serves to localize the liposomes at the target site, thereby overcoming the limitations of using liposomes or gels alone. The specific advantages of the LG-PTX system, and its appreciable efficacy in enhancing the therapeutic effect of radiation, suggest that this drug delivery platform can be optimized for use through a multitude of routes, namely, as a locally applied mucosal gel for accessible head and neck cancers and anal verge cancer, intra-vaginal administration for cervical cancers, injected as intra-cranial gels in glioblastomas, intra-esophageal application with an endoscope, pancreatic delivery through ultrasound-guided endoscopy, injection into the liver or ovary via laparoscope[@b47-ijn-11-6435] and delivery into the lung via bronchoscope. To mimic these clinical uses, a peri-tumoral injection of LG-PTX was chosen, which is less invasive than a direct intratumoral injection. It is of great interest that even when injected peritumorally, very high drug concentrations were observed within the tumor vis-a-vis the overlying skin and the surrounding normal tissue implying the feasibility of the gel for minimally invasive peritumoral applications in the future. The liposome-in-gel system that has been developed can be further utilized in a versatile manner to incorporate various types of nano-sized drug carriers in addition to liposomes, such as cochleates, polymeric nano or micro particles (eg, chitosan and gelatin), and other core--shell particles. These particles can also be functionalized with targeting moieties to enable selective uptake by the targeted tumor cells.

Conclusion
==========

The liposome-in-hydrogel formulation thus shows efficacy as a regional drug delivery system for the radiosensitizing drug PTX and provides a novel approach to augmenting radiotherapy through the use of a biodegradable gelling system that can localize therapeutic moieties at the target tumor. Although there have been a few studies evaluating gels for the delivery of radiosensitizers, to the best of our knowledge, the present study is the first to report a liposome-in-gel system for regional sustained delivery of a radiosensitizer to augment the synergistic effects of chemoradiation. The liposome-in-gel system acts as an injectable platform for co-delivery of one or more radiosensitizers, both hydrophobic and hydrophilic in nature. The technology has the potential to increase the effectiveness of radiotherapy with the local controlled release of radiosensitizers without the systemic toxicity associated with intravenous delivery.

Supplementary materials
=======================

This section provides the details regarding additional figures of results.

Results
=======

Cytotoxicity with radiation
---------------------------

From [Figure 3A](#f3-ijn-11-6435){ref-type="fig"}, the ED50 (effective dose) was plotted as shown in [Figure S1](#SD1-ijn-11-6435){ref-type="supplementary-material"}. The figure shows in a comparison of the fraction of viable cells (F~a~) when cells were subjected to radiation and LG-PTX + radiation. The radiation dose at F~a~ =0.5 was 14.12 Gy for radiation alone and 7.48 Gy for LG-PTX + radiation, showing an appreciable synergistic effect.

In vivo efficacy
----------------

The tumor growth inhibition (TGI) was calculated from the tumor volumes of the animals in the three groups (control, radiation, and LG-PTX + radiation). [Figure S2](#SD2-ijn-11-6435){ref-type="supplementary-material"} shows the tumor volumes after the fifth dose was applied ([Figure S2A](#SD2-ijn-11-6435){ref-type="supplementary-material"}), and the calculated TGI values for radiation and LG-PTX + radiation groups ([Figure S2B](#SD2-ijn-11-6435){ref-type="supplementary-material"}).

###### 

Dose--response curve for cytotoxicity with radiation and LG-PTX + radiation.

**Abbreviation:** LG-PTX, liposome-in-gel-paclitaxel.

###### 

(**A**) Tumor volume after fifth dose for mice in control, radiation and LG-PTX + radiation groups (\**P*\<0.05, \*\**P*\<0.05). (**B**) Tumor growth inhibition (TGI) for radiation and LG-PTX + radiation groups (\**P*\<0.05).

**Abbreviation:** LG-PTX, liposome-in-gel-paclitaxel.
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![(**A**) Size distribution from DLS showing unimodal distribution; (**B**) ZETA potential measurement of liposomes; (**C**) SEM image of LG-PTX showing porous gel matrix (scale bar 50 µm) with (**D**) spherical liposomes inside the gel matrix (scale bar 5 µm); (**E**) cryo-FEG-TEM images of PTX-loaded SPC liposomes (scale bar 100 nm); (**F**) viscosity v/s shear rate profile of LG-PTX, showing shear thinning property; (**G**) cumulative paclitaxel release from LG-PTX over 72 h; (**H**) degradation profile of LG-PTX over 72 h, and (**I**) visual observation of LG-PTX during degradation, showing gradual breakdown of the gel.\
**Abbreviations:** DLS, dynamic light scattering; FEG, field-emission gun; SEM, scanning electron microscopy; LG-PTX, liposome-in-gel-paclitaxel; PTX, paclitaxel; SPC, soya phosphatidylcholine; TEM, transmission electron microscope; h, hours.](ijn-11-6435Fig1){#f1-ijn-11-6435}

![CLSM images (fluorescence and bright field) of (**A**) control B16F10 cells, (**B**) cells with free dye, and (**C**) cells with dye-loaded SPC liposomes (scale bar for all images: 50 µm, magnification 60×); (**D**) comparison of average fluorescence intensity of cells internalizing free dye and dye loaded in liposomes (\**P*\<0.05 compared to control, \*\**P*\<0.05 compared to free dye); (**E**) cytotoxicity of formulations on B16F10 cells: IC~50~ calculation with SPC-PTX liposomes and LG-PTX formulation.\
**Abbreviations:** CLSM, confocal laser scanning microscopy; LG-PTX, liposome-in-gel-paclitaxel; PTX, paclitaxel; SPC, soya phosphatidylcholine.](ijn-11-6435Fig2){#f2-ijn-11-6435}

![Cell cycle analysis with FACS.\
**Notes:** (**A**) Percentage apoptosis of B16F10 cells: comparison of cells treated with five doses of radiation only, LG-PTX only, and the LG-PTX formulation with radiation (\**P*\<0.05). (**B**) Control cells with maximum cells in G1 phase (red peak). (**C**) Cells treated with five doses of radiation, LG-PTX, and LG-PTX + radiation, showing increase in percentage of apoptosis (blue peak) and decrease in percentage of cells in G1 and G2 phases (red peaks). (**D**) Comparison of percentage of cells in G1, S, and G2 phases in the treated groups, compared to control. (**E**) Comparison of G2 phase cells in the groups for 3 doses of RT, LG-PTX and RT plus LG-PTX (\**P*\<0.05, \*\**P*\<0.01).\
**Abbreviations:** FACS, fluorescence-activated cell sorting; LG-PTX, liposome-in-gel-paclitaxel; RT, radiation therapy.](ijn-11-6435Fig3){#f3-ijn-11-6435}

![Percentage apoptosis from FACS cell cycle analysis.\
**Notes:** (**A**) Comparison of single dose versus multiple doses of radiation. \**P*\<0.05 in comparison with single 9 Gy LG-PTX + radiation dose; ^\#^*P*\<0.05 in comparison with 3 fractions (3×3 Gy) of radiation only doses. (**B**) FACS of cells treated with single 9 Gy dose versus 3×3 Gy doses of radiation and LG-PTX + radiation, showing significantly high apoptosis (blue peak) with LG-PTX and multiple radiation doses (3×3 Gy) (red peaks indicate cells in G1 and G2 phases). (**C**) Comparison of percentage of cells in G1, S, and G2 phases in cells treated with single and multiple radiation doses. \**P*\<0.05 in comparison with single 9 Gy LG-PTX + radiation dose; \*\**P*\<0.05 in comparison with 3 fractions (3×3 Gy) of radiation only doses.\
**Abbreviations:** FACS, fluorescence-activated cell sorting; LG-PTX, liposome-in-gel-paclitaxel.](ijn-11-6435Fig4){#f4-ijn-11-6435}

![Bio-distribution of paclitaxel in tumor, blood, and other organs 2 hours after peri-tumoral injection of LG-PTX.\
**Abbreviation:** LG-PTX, liposome-in-gel-paclitaxel.](ijn-11-6435Fig5){#f5-ijn-11-6435}

![In vivo efficacy.\
**Notes:** (**A**) Fold increase in tumor volumes in animals in control, radiation, and LG-PTX with radiation groups (\**P*\<0.05 compared to control, \*\**P*\<0.05 compared to radiation). (**B**) Survival plot of control, radiation, and LG-PTX with radiation animal groups; black/grey vertical bars indicate censored animals. Cell cycle analysis of tumor cells after fifth dose with FACS: (**C**) percentage apoptosis in the control, radiation, and LG-PTX + radiation animal groups. (\**P*\<0.05 compared to control, \*\**P*\<0.05 compared to radiation). (**D**) FACS graph of tumor cells (apoptosis = blue peak; G1 phase = red peak).\
**Abbreviations:** FACS, fluorescence-activated cell sorting; LG-PTX, liposome-in-gel-paclitaxel.](ijn-11-6435Fig6){#f6-ijn-11-6435}
